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Abstract Recently, small calciﬁcations have been
associated with unstable plaques. Plaque calciﬁca-
tions are both in intravascular ultrasound (IVUS) and
multi-slice computed tomography (MSCT) easily
recognized. However, smaller calciﬁcations might
be missed on MSCT due to its lower resolution.
Because it is unknown to which extent calciﬁcations
can be detected with MSCT, we compared calciﬁca-
tion detection on contrast enhanced MSCT with
IVUS. The coronary arteries of patients with myo-
cardial infarction or unstable angina were imaged by
64-slice MSCT angiography and IVUS. The IVUS
and MSCT images were registered and the arteries
were inspected on the presence of calciﬁcations on
both modalities independently. We measured the
length and the maximum circumferential angle of
each calciﬁcation on IVUS. In 31 arteries, we found
99 calciﬁcations on IVUS, of which only 47 were
also detected on MSCT. The calciﬁcations missed on
MSCT (n = 52) were signiﬁcantly smaller in angle
(27 ± 16 vs. 59 ± 31) and length (1.4 ± 0.8 vs.
3.7 ± 2.2 mm) than those detected on MSCT. Cal-
ciﬁcations could only be detected reliably on MSCT
if they were larger than 2.1 mm in length or 36 in
angle. Half of the calciﬁcations seen on the IVUS
images cannot be detected on contrast enhanced 64-
slice MSCT angiography images because of their
size. The limited resolution of MSCT is the main
reason for missing small calciﬁcations.
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Introduction
It is increasingly recognized that composition and
geometry of individual atherosclerotic plaques are
important determinants for plaque rupture [1]. Detec-
tion, characterization and quantiﬁcation of coronary
plaques is therefore important to predict the risk of a
cardiac event. One important plaque component is
calcium. The calcium score, or so called Agatston
Score, is a measure for the extent of calciﬁcations in
the coronary tree and can be accurately assessed by
e.g. electron-beam computed tomography [2]. The
calcium score is a direct measure for the extent of
coronary artery disease and has been shown to be
associated with cardiac events [3]. Not only the total
amount of calcium is indicative for risk of cardiac
events,butitslocalappearanceisalsorelatedtoplaque
rupture. It has been demonstrated that large calciﬁca-
tions are more frequently found in stable patients,
while small and spotty calciﬁcations have been
associated with unstable patients [4, 5] and thus
unstable plaques. Micro-calciﬁcations in the ﬁbrous
cap are proposed as a destabilizing factor [6]. Hence
the assessment of the amount, pattern and locations of
calciumisimportanttodiscernvulnerablepatientsand
vulnerable plaques.
Intravascular ultrasound (IVUS) [7–11] is the most
accurate technique to assess coronary calciﬁcations in
vivo. However, IVUS is an invasive imaging modal-
ity and therefore not suitable for screening applica-
tions and risk stratiﬁcation. Multi-slice computed
(MSCT) is a non-invasive imaging technique that
provides 3D high quality images of the coronary
arteries [12]. Non contrast enhanced MSCT is
currently successfully applied to measure the calcium
score [3, 13, 14]. The accuracy with which contrast
enhanced MSCT can detect local calciﬁcations is
largely unknown. Earlier comparisons of MSCT with
the gold standard IVUS for the presence of calciﬁ-
cations were done per vessel [15] or per segment [16,
17] and high accuracies were reported. However,
these studies did not report on the accuracy of MSCT
to detect individual calciﬁcations.
We recently developed a fusion technique [18]
which allows us to register IVUS and MSCT images
such that cross-sectional images can be compared
one-to-one. We applied this fusion technique to
investigate if contrast enhanced MSCT can be
applied to detect individual calciﬁcations.
Methods
Patients
We randomly selected 23 patients (18 male, mean age
54 ± 11 year) from the subpopulation that was
imaged in our institute for PROSPECT trial. The
patients were treated in our institution for acute
myocardial infarction or unstable angina. They were
only included in our study if an IVUS pullback was
performed in one or more of their coronary arteries, if
they underwent MSCT coronary angiography shortly
before or after (on average 2.0 days after the IVUS
acquisition) the interventional procedure, if they had
a heart rate lower than 70 bpm during the MSCT
acquisition and had no prior coronary bypass surgery.
Exclusion criteria to perform the MSCT were renal
failure, contrast allergy, irregular heart rate, contra-
indication to b-blockade. More details regarding the
patient selection criteria can be found elsewhere [19].
Based on a power calculations in a pilot study, we
aimed for 100 calciﬁcations on IVUS, which we
reached by inclusion of 23 patients. Of these patients
we only included arteries that were not stented.
Patient demographics are given in Table 1. Our
institutional review board approved the initial study
protocol, and all patients gave informed consent.
IVUS acquisition
Patients received C200 lg of intracoronary nitro-
glycerin before acquisition. One or more of the
coronary arteries of these patients were imaged by
IVUS with commercially available 40 MHz (Atlantis
SR Pro, Boston Scientiﬁc, Boston, Massachusetts)
ultrasound catheters. A motorized pullback was
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123performed at 0.5 mm/s, starting[10 mm distal to the
segment analyzed and ending at the aorta-ostial
junction. Images were recorded on DVD and off-line
analysis with an image-based ECG-gating method
[20] was performed such that images shortly before
systole were extracted from the complete pullback.
This provides us with a stack of gated IVUS images
with an axial spacing of approximately 0.5 mm (see
Fig. 1a).
MSCT acquisition
The patient preparation, scan protocol, and image
reconstruction procedure have been previously
described [21]. Brieﬂy, MSCT was only performed
in patients who had a sinus rhythm, who had no
contra-indications to the administration of contrast
agents and who were able to hold their breath for
15 s. Patients with heart rates above 70 beats per
minute were administered a single oral dose of
100 mg metoprolol 45 min before scanning. Scan-
ning was performed on a 64-slice MSCT scanner
(Sensation64
, Siemens, Germany). A non-contrast
enhanced scan for calcium scoring with a z-spacing
of 1.5 mm was followed by a contrast enhanced scan
(Iomeron 400
, Bracco, Italy) according to a stan-
dardized optimized contrast enhanced scanning pro-
tocol. No adaptation of the protocol was applied to
adjust for body mass index or body surface area. A
bolus tracking technique was used to synchronize the
arrival of contrast in the coronary arteries with the
initiation of the scan. Images were reconstructed with
ECG-gating, initially during the mid- to end-diastolic
phase (350 ms before the R-wave) with a temporal
window of 165 ms. If image quality was poor, more
reconstructions at different phases of the cardiac
cycle were generated, sometimes combined with a
different temporal window; the reconstruction with
the best image quality was chosen for further
processing. A medium-smooth reconstruction kernel
was applied (B30f). The in-plane voxel size was
approximately 0.3 mm and the slice thickness
0.4 mm.
IVUS and MSCT registration
Goal of the registration process was to reconstruct
cross-sectional MSCT images of the coronary artery
at the same axial position where the IVUS images
were obtained. Details regarding the registration
procedure, for which we used in-house developed
software (based on MeVisLab, Mevis, Bremen,
Germany), can be found elsewhere [18].
Brieﬂy, the registration process was performed as
follows: After ECG-gating the IVUS images had an
axial distance of approximately 0.5 mm (Fig. 1a). In
this IVUS stack we identiﬁed bifurcations, which were
used as landmarks (Fig. 1b). To register the MSCT to
the IVUS images a centerline of the vessel of interest
was manually drawn in the MSCTdataset starting from
the ostium. Perpendicular to the centerline, cross-
sectional images of the vessel were equidistantly
generated at every 0.2 mm (see Fig. 1d). In this MSCT
image set we searched for the IVUS-derived landmarks
(see Fig. 1c). Sampling the MSCT data set with a
higher axial resolution compared to the IVUS images
(0.2 mm axial distance versus 0.5 mm) enabled us to
register the bifurcations in the two data sets more
accurately. After manual registration of the side-
branches, cross-sectional MSCT images perpendicular
to the centerline were generated again, but now such
that the number of MSCT images between the
landmarks was equal to the number of IVUS images
betweenthelandmarks(Fig. 1e). As registration is only
possible between landmarks, at least two bifurcations
had to be identiﬁed on both imaging modalities. The
result of this registration procedure is a corresponding
MSCT image for each IVUS image between the most
proximal and most distal landmark, thus enabling a
one-to-one comparison between these images.
Table 1 Patient characteristics
Male sex 18 (78%)
Mean age 54.2 ± 11.5 years
Mean heart rate during MSCT 61.7 ± 10.5 beats/min
Symptoms
Unstable angina pectoris 7 (30%)
Acute myocardial infarction 16 (70%)
Risk factors
Hypertension 6 (26%)
Hypercholesterolemia 3 (13%)
Smoking 14 (61%)
Family history 14 (61%)
Diabetes mellitus 2 (9%)
Obese (BMI C 30 kg/m
2) 7 (30%)
The total number of patients is 23. Value are n (%) unless
otherwise indicated
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123IVUS analysis
The IVUS images were inspected for the presence of
calcium in the wall. Calcium was identiﬁed by its
speciﬁc echogenic appearance, accompanied by an
acoustic shadow [7]. Calciﬁcations can extend over
multiple IVUS images. Since it is not possible to
reliably identify the trailing edge of calciﬁcations, we
only determined the length and the maximum cir-
cumferential angle of each calciﬁcation. The length of
a calciﬁcation was calculated by multiplying the
number of slices the calcium extends over by the
mean distance between the images. The angle of a
calciﬁcation was determined by drawing two vectors
on each cross-section from the center of the vessel to
the corners of the acoustic shadowing (see Fig. 2a).
For each calciﬁcation the largest angle was deter-
mined. The IVUS images were analyzed blinded to
the MSCT images.
MSCT analysis
The MSCT images were analysed with in-house
developed software based on MeViLab (Mevis,
Bremen, Germany), using a window setting between
500 and 700 HU with at a level between 150 and 250
HU. We identiﬁed calciﬁcations in MSCT cross-
sectional images as any structure with a density of
130 HU or more that could be visualized separately
from the contrast enhanced coronary lumen (because
Fig. 1 Registration IVUS
and MSCT. In the IVUS
stack a 3 bifurcations (1–3)
serve as landmarks
(indicated by the dots in b)
for the registration. In the
MSCT scan the centerline is
tracked through the artery
and cross-sectional images
are reconstructed (ﬁne
dashed line). The three
bifurcations in the IVUS
stack are identiﬁed in the
MSCT cross-sections (c).
The MSCT data is
resampled between the
landmarks such that the
number of images between
landmarks is equal to the
number of images in the
IVUS stack (e)
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123its density was above the contrast enhanced lumen)
and that could be assigned to the coronary artery wall.
Structures with an intensity \130 HU, but clearly
embedded in or adjacent to the surrounding non-
calciﬁed plaque with a lower intensity were also
deﬁned as calciﬁcations.
Identiﬁcation of the calciﬁcations was supported
by gradient images. Gradient images are derived from
the normal images and they represent the local
change in image intensity (Fig. 2b, c). The transition
from high intensity lumen to the low intensity
epicardial tissue is depicted as a white ring in the
gradient image. The transition from the high intensity
lumen to a calciﬁed plaque results in a second ring
adjacent to the ring of the lumen. All the MSCT
cross-sections were checked for calciﬁcations blinded
from the IVUS images.
Analysis
For each calciﬁcation detected in the IVUS images
we determined whether it was also present in the
corresponding MSCT image, and vice versa. Based
upon these analyses we identiﬁed three groups: (1)
calciﬁcations identiﬁed on both modalities; (2) cal-
ciﬁcations identiﬁed on IVUS only and (3) calciﬁca-
tions identiﬁed on MSCT only.
For the calciﬁcations that were missed in the
contrast enhanced scan, we checked if these calciﬁca-
tions could be identiﬁed on the non enhanced calcium
score scan. To be able to compare the 3D voxel space
from the two MSCT scans, the two data sets have to be
registered. This procedure is difﬁcult since anatomical
landmarks, like bifurcating arteries, are not visible in
the non contrast enhanced scan. These analyses were
performed only for those MSCT scans for which a
reliable matching could be performed.
Continuousvariablesweredescribedbytheirmeans
and standard deviation (mean ± SD). To evaluate the
difference in length and angle between the calciﬁca-
tions seen on both modalities versus those missed on
MSCT, a non-parametric two-sample test (Mann–
Whitney U) was performed. A receiver-operating
characteristic (ROC) curve was created and the area
under the curve was determined as well as a cut-off
value for calciﬁcation length and angle to determine at
which values a calciﬁcation is detected or not on
MSCT. For this cut-off value the sensitivity was
reported. One-way Anova with post-hoc Tukey HSD
analysis was performed to compare length and angle
between the groups for the LAD, LCX and RCA. We
performed the statistical analysis with SPPS 16.01
(SPSS Inc., Chicago, Illinois) and P-values\0.05
were considered statistically signiﬁcant.
Results
Calciﬁcation identiﬁcation
We registered 2435 IVUS cross-sectional images
with MSCT, with a total length of 1,138 mm (446,
Fig. 2 IVUS and MSCT analysis. a The calcium angle on
IVUS is determined by the two vectors from the center of the
lumen to the corners of the acoustic shadow. b Cross-section of
coronary arteries imaged with MSCT, with at the arrows a
calciﬁcation. c Corresponding gradient image with again the
arrows near the calciﬁcation. Note the double ring, one from
the lumen and one of the calciﬁcation
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respectively). These cross-sections were obtained
from 31 coronary arteries (12 LAD’s, 9 LCX’s, 10
RCA’s) of the 23 patients included in our study.
Registration of the IVUS and MSCT images was not
possible for four arteries (3 LCX and 1 RCA),
because we were not able to identify at least two
landmarks.
A total of 107 calciﬁcations were identiﬁed on
either IVUS or MSCT. We identiﬁed 47 calciﬁcations
on both IVUS and MSCT, 52 calciﬁcations were
identiﬁed on IVUS only and 8 were identiﬁed on
MSCT only (see Table 2). From the 99 calciﬁcations
identiﬁed on IVUS, 52 were missed on the MSCT
images. This implies that 53 ± 10% (95% conﬁdence
interval) of the calciﬁcations on the IVUS images
were not identiﬁed on the MSCT images. Less
calciﬁcations tended to be missed on the MSCT
images in the LAD than in the LCX and RCA (42%
vs. 61% and 55%, P = 0.07).
The average lumen HU at the location where the
calciﬁcations were missed in the contrast enhanced
scan was 358 ± 98, and the average lumen HU was
331 ± 55 (P = NS) at the location where calciﬁca-
tions were detected. From the 52 calciﬁcations that
were missed in the contrast enhanced scan, we were
able to determine the approximate position in the non
enhanced scan for 24 calciﬁcations. On these posi-
tions we only found two times a voxel with an
intensity just above the threshold of 130 HU. The size
and intensity of these 2 spots were comparable to the
noisy spots in the ventricle that reach also 130 HU.
We identiﬁed 8 calciﬁcations on the MSCT
images, which were not seen on the IVUS images.
One of these 8 calciﬁcation on the MSCT images
turned out to be false-positive since it could be
identiﬁed as a side branch on the IVUS image. The
other calciﬁcations on the MSCT images are pre-
sumably contributable to local differences in contrast
enhancement, and/or imaging artifacts.
Calciﬁcation length and angle
In the IVUS images we measured the length and
angle of each calciﬁcation (Table 3 and Figs. 3 and
4). The total length of calcium found was 251 mm
(88, 80 and 83 mm for the LAD, LCX and RCA,
respectively), which amounts to 22% of the total
inspected length. The mean calciﬁcation length was
2.5 ± 2.0 mm and the mean angle was 42 ± 29.
The calciﬁcations that were not detected on the
MSCT images were signiﬁcantly smaller than those
seen on both MSCT and IVUS both with respect to
calciﬁcation length (1.5 ± 0.8 vs. 3.7 ± 2.2 mm)
and calciﬁcation angle (27 ± 16 vs. 59 ± 31).
The total length of the calciﬁcations missed on
MSCT was 75 mm, 30% of the total calcium length.
The mean length and angle of the calciﬁcations
was not signiﬁcantly different when comparing the
three coronary arteries. For the LAD, LCX and
RCA separately we found that the calciﬁcations
Table 2 2 9 2 contingency table
Table 3 Calciﬁcation properties
n Length (mm) Angle ()
Overall 99 2.5 ± 1.99 42 ± 29
Not detected on MSCT* 52 1.4 ± 0.8 27 ± 16
Detected on MSCT and IVUS* 47 3.7 ± 2.2 59 ± 31
LAD 34 2.6 ± 2.2 43 ± 35
Not detected on MSCT 14 1.0 ± 0.6 22 ± 17
Detected on MSCT 20 3.7 ± 2.3 58 ± 37
LCX 36 2.2 ± 1.3 39 ± 20
Not detected on MSCT 22 1.7 ± 0.8 31 ± 17
Detected on MSCT 14 3.1 ± 1.6 52 ± 17
RCA 29 2.8 ± 2.3 45 ± 31
Not detected on MSCT 16 1.5 ± 0.8 26 ± 12
Detected on MSCT 13 4.5 ± 2.5 68 ± 31
* Calciﬁcations detected on IVUS only, hence not on MSCT or
on IVUS and MSCT
 Both length and angle are signiﬁcantly (P\0.05) smaller
for the calciﬁcations missed on the MSCT images
 Trend (P = 0.053) difference for the length of the
calciﬁcations missed on MSCT of the LAD versus the LCX
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123missed on the MSCT images were smaller in length
and angle. The calciﬁcations missed on the MSCT
images in the LAD tend to be shorter (P = 0.053)
than those missed in the LCX (1.0 ± 0.6 vs.
1.7 ± 0.8).
Receiver operating characteristics analysis
Figure 5 shows the ROC-curve for both the length
and the angle of the calciﬁcation. The area under the
curve was 0.88 for the length and 0.86 for the angle.
By the ROC analysis we found that calciﬁcations
larger than 2.1 mm in length could be seen on MSCT
in 85% (sensitivity) of the cases, while those
calciﬁcations smaller than 2.1 mm were missed by
MSCT in 83% of the cases (speciﬁcity). For the angle
we found a sensitivity of 81% to detect calciﬁcations
with an angle larger than 36 and a speciﬁcity of
79%.
Discussion
This is the ﬁrst study that compares the ability to
detect coronary calciﬁcations in contrast enhanced
64-slice MSCT and IVUS on a cross-sectional basis.
We showed that in patients with acute coronary
syndromes 53% of the calciﬁcations seen on IVUS
are not detected on contrast enhanced MSCT. The
calciﬁcations missed on the MSCT images are
smaller in length and angle than those seen on both
the IVUS and MSCT images. We showed that
calciﬁcations smaller than 2.1 mm in length or 36
in angle are likely to be missed on contrast enhanced
MSCT.
Other studies found very good correlation between
detection of calciﬁcations on IVUS and MSCT
images. Leber et al. [15] reported a sensitivity of
95% to detect calcium on MSCT per vessel compared
to IVUS. Looking at segment level Schoenhagen
et al. [17] were able to detect calciﬁcation with 90%
accuracy. Sun et al. [16] reported on the detection of
calciﬁcations on contrast enhanced MSCT scans in
even smaller parts of 10 mm. They only missed 2 out
of the 27 calciﬁcations on MSCT. Our study differs
from the studies mentioned above by the fact that in
these studies the presence of calciﬁcations was
Fig. 3 Calcium length. Average calciﬁcation length per vessel.
The averages are shown for the calciﬁcations that were seen on
IVUS, but missed on MSCT (light bars) and the calciﬁcations
seen on both MSCT and IVUS (dark bars). The error bars
present the standard error of the mean. Asterisk: signiﬁcant
difference between the calciﬁcations seen and missed on
MSCT
Fig. 4 Calcium angle. Average angle of the calciﬁcations per
vessel.The averagesare shownfor the calciﬁcations thatwere seen
on IVUS, but missed on MSCT (light bars) and the calciﬁcations
seen on both MSCT and IVUS (dark bars). The error bars present
the standard error of the mean. Asterisk:s i g n i ﬁ c a n td i f f e r e n c e
between the calciﬁcations seen and missed on MSCT
Fig. 5 ROC-curve. ROC-curve for the calcium length and
calcium angle. Area under the curve is 0.88 for the length and
0.86 for the angle
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123examined on a vessel or segmental basis, and not on a
cross-sectional basis. This difference might explain
the discrepancy between their and our ﬁndings.
Assume that a segment contains two calciﬁcations,
and that both calciﬁcations are detected by IVUS and
only one calciﬁcation is detected by MSCT. If we
analyze this on a segmental basis, the segment will be
positive both on IVUS and MSCT, although one
calciﬁcation is not detected by MSCT. Following the
approach on a cross-sectional basis, we would
classify one calciﬁcation as detected and the other
one as missed on MSCT.
The different physics behind the image modalities
results in a far better spatial and temporal resolution
for IVUS than for MSCT. The low spatial resolution
of MSCT is the main cause of missing the small
calciﬁcations, but also the movement during imaging
and the reconstruction algorithm inﬂuences the
visibility of small calciﬁcations. Due to the low
temporal resolution of MSCT it is expected that
smaller calciﬁcations disappear in their surroundings
due to the ‘smearing effect’ of the moving
calciﬁcation.
We showed that MSCT can detect calciﬁcations in
the LAD better than in the other vessels; we missed
less calciﬁcations in the LAD and the calciﬁcations
that were missed were also smaller in size than in the
other arteries. It is likely that the small calciﬁcations
are better distinguished in the LAD because the LAD
has the least movement of the arteries during the
reconstruction phase of the MSCT images [22], thus
reducing the ‘smearing effect’.
Attenuation by the contrast enhanced lumen might
have inﬂuenced the detection of the calciﬁcations in
MSCT. However, HU of the lumen at the locations
where calciﬁcations were missed was not different
from the locations where the calciﬁcations were
detected. This is conﬁrmed by the inspection of the
non enhanced calcium score scan: there was hardly
any enhancement of HU observed at the locations
where calciﬁcations were missed in the contrast
enhanced scan, conﬁrming the results of Husmann
et al. [23].
For this study we chose patients with an acute
myocardial infarction or unstable angina. These
patients tend to have more small spotty calciﬁcations
than stable patients [4, 5]. The percentage of missed
calciﬁcations in stable patients may therefore be
lower. Another limitation in this study involves
inaccuracies introduced due to IVUS pullback arti-
facts and manual selection of the landmarks in the
fusion procedure. The possible artifacts in the IVUS
pullback were minimized by the application of a
thoroughly validated gating procedure [20] and
careful operation of the pullback device. This is
illustrated by the excellent agreement between pull-
back length from IVUS and the corresponding length
of the artery in MSCT [18]. Landmark selection
might introduce inaccuracies with respect to the
registration of the MSCT and IVUS images. How-
ever, we demonstrated that the selection of land-
marks is robust [18] and that the geometrical features
of the reconstructed coronary arteries were hardly
inﬂuenced by variations in landmark selection.
Furthermore, we would like to point out that the
average length of the calciﬁcations was 2.5 mm,
implying that the calciﬁcations were visible in
approximately 5 consecutive IVUS images. The
matching procedure was estimated to have an
accuracy of 0.5 mm in axial direction [18], which
is equivalent to 1 IVUS image in axial direction. We
are therefore conﬁdent that the matching procedure is
accurate enough to support the main ﬁndings of this
study.
The clinical consequence of missing calciﬁcations
on MSCT on e.g. a volumetric calcium score can be
estimated by comparing the volume of the missed
calciﬁcation to the volume of all calciﬁcations. We
miss half the calciﬁcations and the missed calciﬁca-
tions are smaller. The length and the arc of the missed
calciﬁcations is approximately 60% of the average
values (Table 3). Assuming that the thickness of the
missed calciﬁcations is also 60% of the average
value, the average volume of the missed calciﬁcations
is approximately 20% of the average volume of all
calciﬁcations. Combined with the observation that
half of the calciﬁcations are not detected, this implies
that approximately 10% of the total volume of the
calciﬁcations will be missed by MSCT. It is therefore
unlikely that the missed small calciﬁcations have a
large effect on the calcium score, and thus on its use
for the prediction for the risk of cardiac events. On
the other hand, missing the small calciﬁcations might
be crucial in the local detection of vulnerable
plaques, as small and spotty calciﬁcations may be
related to a vulnerable plaque phenotype [4, 6]. Since
calciﬁcations smaller than approximately 2 mm can-
not be seen on MSCT, improvements in the MSCT
150 Int J Cardiovasc Imaging (2011) 27:143–152
123technology will be necessary to be able to differen-
tiate plaque components and the vulnerable plaque on
a local scale.
In summary, half of the calciﬁcations seen on the
IVUS images cannot be detected on contrast
enhanced 64-slice MSCT angiography images
because of their size. The limited resolution of
MSCT in combination with the obscuring effects of
the contrast in the lumen hampers the identiﬁcation of
small calciﬁcations.
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